Patch-clamp recordings were made from retinal ganglion cells in the mouse retina. Under dark adaptation, blockage of BK Ca channels increases the spontaneous excitatory postsynaptic currents (EPSCs) and light-evoked On-EPSCs, while it decreases the light-evoked Off inhibitory postsynaptic currents (IPSCs). However, under light adaptation it decreases the light-evoked On-EPSCs, the spontaneous IPSCs and the light-evoked On-and Off-IPSCs. Blockage of BK Ca channels significantly altered the outputs of RGCs by changing their light-evoked responses into a bursting pattern and increasing the light-evoked depolarization of the membrane potentials, while it did not significantly change the peak firing rates of light-evoked responses.
Introduction
Calcium-activated potassium currents have been reported to play important roles in the regulation of neuronal activity. In particular, these currents have been shown to: (i) contribute towards the repolarizing phase of the action potential (Adams, Constanti, Brown, & Clark, 1982) ; (ii) control the repetitive discharge of spikes (Constanti & Sim, 1987; Lancaster & Pennefather, 1987; Pennefather et al., 1985; Schwindt et al., 1988) ; and (iii) participate in various forms of oscillatory membrane behavior (Bourque, 1988) .
Single channel studies have revealed several types of calciumactivated potassium channels which can be divided into two distinct groups based on their pharmacological and biophysical properties: BK Ca and SK Ca . The BK Ca channels can be blocked by charybdotoxin (CTX), have a high unitary conductance, and display sensitivity to both voltage and submicromolar concentrations of CTX (Blatz & Magleby, 1987) . The current passing through these channels has been implicated in action potential repolarization and the fast hyperpolarization following the spike (Adams et al., 1982) . In contrast, SK Ca channels have much lower unitary conductance, are voltage-and CTX-insensitive and are activated by nanomolar concentrations of calcium (Blatz & Magleby, 1987) . The current flowing through these channels is sensitive to apamin and has been shown to underlie the slow after-hyperpolarization (AHP) that in many cells is responsible for action potential frequency adaptation (Lancaster, Nicoll, & Perkel, 1991; Madison & Nicoll, 1984) .
In retina, calcium-activated potassium channels have been located in several different cell types, including photoreceptors (Baylor, Matthews, & Nunn, 1984; Barnes & Hille, 1989; Maricq & Korenbrot, 1990; Moriondo, Pelucchi, & Rispoli, 2001; Rispoli, Navangione, & Vellani, 1995) , bipolar cells (Llobet, Cooke, & Lagnado, 2003; Palmer, 2006; Sakaba, Ishikane, & Tachibana, 1997) , amacrine cells (Mitra & Slaughter, 2002; Vigh, Solessio, Morgans, & Lasater, 2003) , and ganglion cells (Lipton & Tauck, 1987; Rothe, Jüttner, Bähring, & Grantyn, 1999; Wang, Robinson, & Chalupa, 1998) . There is also evidence that calcium-activated potassium channels play a role in retinal functions. For instance, calcium-activated potassium channels have been shown to clamp the rod photovoltage to values close to the dark potential, thus allowing faithful single photon detection and correct synaptic transmission (Moriondo et al., 2001) , and only the BK Ca channels were found to be involved in this function (Pelucchi, Grimaldi, & Moriondo, 2008) . Moreover, BK Ca channels facilitate calcium-mediated neurotransmitter release from rods (Xu & Slaughter, 2005) . However, BK Ca channels have not been found in mammalian cones (Yagi & MacLeish, 1994) . Calcium-activated potassium channels were also found to participate in oscillations in wide-field amacrine cells (Vigh et al., 2003) , and to contribute to repetitive firing in ganglion cells (Rothe et al., 1999) . We have previously shown that blocking calcium-activated potassium channels increased the currentevoked firing rate of ganglion cells in ferret retina (Wang et al., 1998) .
Although numerous studies have documented the functions of calcium-activated potassium channels in retina, as of yet little is known about the roles of calcium-activated potassium channels in the visual responses of retinal ganglion cells under different 0042-6989/$ -see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2008.11.008 ambient light conditions. In the present study, we sought to determine the effects of blockage of BK Ca on visual responses of retinal ganglion cells under dark and light adaptation. The results demonstrate that blocking BK Ca channels differentially affects retinal output activity depending on the ambient light conditions. These findings provide the first evidence that BK Ca channels play different roles in mediating visual signals in the retina under different ambient light conditions.
Methods
The basic methods used in this study were similar to those used previously (Wang, 2006; Wang, van der List, Nemargut, Coombs, & Chalupa, 2007) . All procedures were in compliance with National Institutes of Health guidelines and were approved by the campus animal use committees of Tulane University. Animals were darkadapted overnight prior to the experiments and all procedures, including animal surgery, dissection of retinas, and recordings from cells were made in complete darkness. Infrared goggles were used to visualize the tissue on the dissecting and recording microscopes and to maneuver in the recording room. LEDs (850 nm) were used to provide light to the dissecting microscope while the illumination from the recording microscope was passed through an P850 nm cut off-filter.
Retinal preparation
Retinas were obtained from 3 to 4 month old mice C57BL/6 from Charles River Farm CA. Following a lethal dose of barbiturate (Nembutal 200 mg/kg i.p.), the eyes were removed and placed in oxygenated L15 (Sigma, L1518, ingredients listed online) at 37°C for 12 min. The retinas were then carefully peeled from the eyecup and stored at room temperature in Minimal Essential Medium Eagle (MEME, Sigma, M-7278, ingredients listed online), continuously bubbled with 95% O 2 and 5% CO 2 . A small piece of retina was placed ganglion cell layer up in the recording chamber and stabilized with an overlying piece of filter paper. A 2 mm hole in the filter paper provided access for the recording electrode. Cells were visualized through a 40Â objective mounted on an upright epifluorescence microscope (Nikon).
During recordings the retina was perfused continuously with MEME (1.5 ml/min) through a gravity fed line, heated with a dual channel temperature controller (Warner Instruments), and continuously bubbled with 95% O 2 and 5% CO 2 . A calibrated thermocouple monitored the temperature in the recording chamber, maintained at 35°C. Recordings from each individual cell usually lasted 30-120 min, and retinal segments from which recordings were made typically remained viable for 8-12 h. For voltage-clamp recordings, patch electrodes were filled with a solution containing (in mM) cesium methanesulfonate, 118; CsCl, 12; CaCl 2 , 0.5; MgCl 2 , 0.5; HEPES, 10; EGTA, 5; 0.5% Lucifer Yellow; QX-314, 5; pH 7.4; osmolarity, 290 mOsm. The chloride equilibrium potential, E Cl , with this internal solution was about À57 mV. For current-clamp recordings, patch electrodes are filled with the solution containing (in mM): KCl, 140; MgCl 2 , 1; CaCl 2 , 1; HEPES, 10; EGTA, 0.5; 0.5 mg/ml Nystatin; 2.5 mg/ml Pluronic F-68; 0.5% Lucifer Yellow; 6%; pH 7.4; osmolarity, 290 mOsm. There were no differences in the results obtained with and without Nystatin and Pluronic, although the use of these chemicals permitted stable recordings for longer time periods (Robinson & Chalupa, 1997; Wang, Ratto, Bisti, & Chalupa, 1997; Wang et al., 1998) . Using fluorescent microscopy, we found that Nystatin and Pluronic facilitated the formation of whole-cell configuration. With Nystain and Pluronic in the electrode solution, the soma is usually filled with Lucifier Yellow within 5 min after the formation of the high resistant seal, indicating whole-cell configuration was obtained. All recordings were made with whole-cell configuration. By the end of the experiment the soma and the dendritic arborizations were usually completely filled. Once complete filling was achieved, the retina was removed and fixed in 4% paraformaldehyde for 6-8 h at 4°C.
Morphological identification
Following fixation, as described above, the retinas were mounted on a slide and viewed initially with a fluorescent microscope (Nikon Eclipse E600-FN) equipped with DIC optics to determine how well the cell was filled with Lucifer Yellow. Subsequently, using a Leica TCS SP2 confocal microscope (Leica Microsystems, Heidelberg GMbH), high-resolution three dimensional images were made of each cell. Scans were taken at 0.25-0.7 lm intervals along the z-axis depending on the objective used.
Dendritic stratification was assessed by one of two methods. (1) In retinal whole mounts, the thickness of the IPL and the inner and outer borders of this synaptic layer were determined with Nomarski optics and quantified using a motorized focus controller operated with Neurolucida software (MicroBrightfield, Inc.). The extent and depth of the dendrites was determined by focusing on the tips of these processes and reading a calibrated measure with Neurolucia sofware. (2) The dendritic stratifications of RGCs in the inner plexiform layer (IPL) were determined by rotating the confocal stack image 90°. DAPI was used to label the nuclei of the ganglion cell layer and the inner nuclear layer (INL). The depth of the IPL was defined as the area between the ganglion cell layer and the inner border of the INL.
Electrophysiology
Whole-cell patch-clamp recordings were made from retinal ganglion cells in dark-and light-adapted retinas. Patch pipettes with a tip resistance between 3 and 7 MX were pulled from thick-walled 1.5 mm-OD borosilicate glass on a Sutter Instruments puller (P-97). Whole-cell patch-clamp recordings were made with a MultiClamp 700B patch-clamp amplifier. The data were low-pass filtered at rates between 1 and 2 kHz and digitized at rates 5 kHz before storage on a computer for subsequent off-line analysis. To attain whole cell access, the vitreous and the limiting membrane overlying the recording area were removed by gently brushing the retinal surface with the tip of a glass pipette. Recordings were obtained by patching onto cells with clear, non-granular cytoplasm. High-resistance seals were obtained by moving the patch electrode onto the cell membrane and applying gentle suction. After formation of a high-resistance seal between the electrode and the cell membrane, transient currents caused by pipette capacitance were electronically compensated by the circuit of the MultiClamp 700B patch-clamp amplifier. Recordings from cells with a seal resistance <1 GX were discarded. The series resistance was 7-16 MX. Recordings were terminated whenever significant increases (>20%) in series resistance occurred. After attaining a whole-cell configuration the resting membrane potential was read off the amplifier. The value of the resting potential was monitored regularly throughout the recording, and if significant changes were observed, the recording was terminated. The sudden or gradual changes in the resting potential were considered significant if the changes were over 15% of the original values (positive or negative) and lasted longer than 10 min, when no electrical, light or chemical stimulations were applied. The computer software pCLAMP 9 (Axon Instruments Inc.), and Mini Analysis Program (Synaptosoft Inc.) were used to analyze the data. The results are expressed as mean ± SE.
Light stimulus
Light-evoked responses were obtained by delivering square wave spots of light to the retina from a one-inch-diameter computer monitor, with a green (P43, 545 nm light) phosphor (Lucivid MR1-103; MicroBrightField, Colchester, VT), through the camera port of the microscope (Demb, Haarsma, Freed, & Sterling, 1999) .
The sizes of the spots of light were varied from 200 to 500 lm in diameters in different cells. For each cell, different sized spots were used to evoke light responses before the functional properties were tested. The size of the spot that evoked the optimal light-evoked response for this cell was selected and used to test the functional properties. The spots of light were always centered on the soma. In the dark-adapted retina, stimuli were delivered once every 20 s to limit light adaptation (Xin & Bloomfield, 1999) . The stimuli were programmed in Matlab (Math Works, Natick, MA), using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997 computer controlled 1-in.-diameter monitor (Lucivid) for 10 min to allow the transition from dark adaptation to light adaptation. This background light intensity completely inactivates rods. After exposing these cells to the background light at this intensity, they were temporarily unable to respond to dim light, validating that the rods were inactivated. With this intensity of the background light, we found solid, consistent and reliable light-evoked responses could be recorded at least for 2 h after the transition from dark to light adaptation. Light stimuli with intensities greater than that of the background light were used in the light-adapted retina to evoke light responses from ganglion cells. For each cell, different intensities, ranging from 7000 to 16,000 photons/lm 2 /s, were used to evoke light responses. The lowest intensity required to evoke optimal responses was used to test the role of BK Ca channels in visual responses of retinal ganglion cells. The optimal response level was characterized as the largest synaptic current amplitude or highest average peak firing rate of visual responses of each cell. The optimal responses were recorded five times from each cell before and after blockage of BK Ca. The averaged amplitudes and peak frequencies of the optimal responses for each cell are presented in this study.
We have successfully established a reliable recording procedure to record from the same ganglion cell under both dark and light adaptation. With this procedure, whole-cell patch-clamp recordings were made from a ganglion cell first under the dark-adapted condition, then the background light will be delivered to the retina to induce light adaptation, and the recording will be continued from the same cell. After switching to light adaptation, the size of the spot of light which evoked the maximal response from a given cell was determined by delivering different sizes of spots to the retina.
Measurements of the averaged peak firing rates of On and Off responses
The magnitude of On and Off responses to each light stimulation in RGCs is depicted as ''average peak firing rates" at light onset or offset. For each stimulus, the average peak firing rate was calculated by counting the number of spikes within a window that encompassed the highest firing rate, which occurred initially following the light onset or offset, and dividing the spike number by the duration of the window. The window was determined by the time period that most clustered spikes occurred and varied from cell to cell (Wang, 2006; Wang, Liets, & Chalupa, 2003; Wang et al., 2007) . The window ending points corresponded to the time point where the frequency dropped by 15% of its highest frequency. For each cell, five identical stimuli were presented before and after CTX to evoke visual responses, and the mean ''average peak firing rates" of this cell before and after CTX were obtained from those repeated recordings.
The measurements of the depolarization of the membrane potentials of On and Off responses
In the current-clamp recordings the On or Off responses, displayed as the bursts of action potentials, were superimposed on a depolarization of the membrane potential after the onset or the cessation of the stimulus (see Fig. 6 ). The depolarization of the membrane potential was measured for each On or Off response between the baseline and the highest level of the depolarization on which the action potentials were superimposed. The measurements are indicated by the double-arrowheaded lines under the On and Off responses in Fig. 6A -C. Five repeated recordings were made from each cell in response to identical light stimuli to determine the average depolarization of the membrane potential before and after CTX.
Drug application
Charybdotoxin (CTX, AnaSpec, Inc. San Jose, CA, 20 nM) and Iberiotoxin (Sigma, 100 nM) were freshly dissolved in MEME on the day of the experiment and administered through a gravity fed line. The solutions were heated with a dual channel temperature controller (Warner Instruments) and continuously bubbled with 95% O 2 and 5% CO 2 . A six-position rotary valve (Western Analytical Products) was used to switch between bath and drug solutions. The high affinity of CTX for its respective channels made it difficult to wash out the drug so only partial recovery toward control could be obtained.
Results
Whole-cell patch-clamp recordings were initially made from each ganglion cell under the dark-adapted condition, then the background light was delivered to the retina to induce light adaptation, and the recording was continued under light adaptation. Recorded cells were filled with Lucifer yellow. The cell class was determined for each cell based on confocal images. Cells were classified according to the study by Doi, Uji, and Yamamura (1995) . In order to determine the impact of CTX on both the On and Off signaling pathways in the same cell, our study focused on Type I bistratified (subtype 3) cells, with soma diameter between 14 and 28 lm and dendritic diameter between 110 and 390 lm. Successful recordings were made from 60 cells obtained from 23 mice. Since CTX has been found to directly affect the intrinsic membrane properties of RGCs (Rothe et al., 1999; Wang et al., 1998) , one advantage of selecting the bistratified On-Off cells is that if CTX had different effects on On and Off responses in the same cell, the effect of CTX directly on the intrinsic membrane property of this cell cannot explain the differential effects of CTX on On and Off responses of this cell. Therefore, the results will rule out the possibility that the effect of CTX directly on the recorded On-Off ganglion cell itself plays the major role underlying the differential effects of CTX on On and Off responses.
The cell types correspond to RG D cells in the study of Sun, Li, and He (2002) , and clusters M12-14 in the study of Coombs, van der List, Wang, and Chalupa (2006) . The vast majority (83%) of the cells included in this study were bistratified. The dendrites of these cells stratified into both On and Off layers within IPL. Under voltage-clamp mode with membrane potential at À60 mV, the Off responses of these On-Off cells were transient. These transient Off responses were similar to those of the transient Off cells demonstrated by Pang et al. (Pang, Gao, & Wu, 2003) . The confocal images of a recorded ganglion cell are shown in Fig. 1 . The top panel shows the top view to represent the typical dendritic branching pattern and the lower panel shows the side view to represent the typical dendritic stratification pattern of a bistratified ganglion cell. The dendrites stratified into both the On (sublamina b) and Off (sublamina a) layers of the IPL.
Blockage of BK Ca channels affects spontaneous synaptic inputs of RGCs
Voltage-clamp recordings were made from RGCs at the holding potential of À60 mV, the chloride reversal potential, to characterize their spontaneous excitatory postsynaptic activity in response to BK Ca channel blocker, charybdotoxin (CTX, 20 nM). The effects of CTX on the spontaneous excitatory postsynaptic currents (sEPSCs) were tested in eight cells under dark adaptation and 11 cells under light adaptation. Bath application of CTX significantly increased the frequency and amplitude of the sEPSCs in all of the eight cells under dark adaptation (Fig. 2A) . The mean frequency of sEPSCs was 2.01 ± 0.73 Hz before CTX application and 3.75 ± 0.45 Hz after CTX application (Fig. 2D left panel, p < 0.05, paired t-test). The mean amplitude of sEPSCs was À20.65 ± 3.31 pA before CTX application and À61.81 ± 13.99 pA after CTX application (Fig. 2D right panel, p < 0.05, paired t-test). Similar results were also found when another BK channel blocker, Iberiotoxin (IbTx), was applied under the voltage-clamp mode. The increase in the sEPSCs is shown in Fig. 2B .
In contrast, under light adaptation, bath application of CTX did not significantly change the sEPSCs of the 11 RGCs tested (Fig. 2C) . The average frequency was 2.28 ± 0.48 Hz before CTX application and 3.15 ± 0.9 Hz after CTX application (Fig. 2E left panel,  p > 0.05, paired t-test) . The average amplitude was À55.37 ± 8.78 pA before CTX application and À71.92 ± 16.06 pA after CTX application (Fig. 2E right panel, p > 0.05, paired t-test) . The findings here indicated that BK Ca channel blocker, CTX, differentially affects the sEPSCs of ganglion cells under dark and light adaptation.
To determine how CTX affects the spontaneous inhibitory postsynaptic currents (sIPSCs) of ganglion cells, voltage-clamp recordings were made from 21 RGCs at the holding potential of 0 mV, the reversal potential for glutamatergic excitatory currents. We found that CTX did not have a significant effect on sIPSCs under dark adaptation (Fig. 3A) . The average frequency was 2.72 ± 0.63 Hz before adding CTX and 2.26 ± 0.43 Hz after application of CTX (n = 10, Fig. 3C left panel, p > 0.05, paired t-test). The average amplitude was 116.42 ± 32.64 pA before CTX application and 123.41 ± 24.85 pA after application of CTX (n = 10, Fig. 3C right panel, p > 0.05, paired t-test).
Under light adaptation, CTX did not significantly change the frequency of sIPSCs. The average frequency of sIPSCs was 3.08 ± 1.31 Hz before CTX application and 1.87 ± 0.41 Hz after CTX application (n = 11, Fig. 3D left panel, p > 0.05, paired t-test). However, under light adaptation the amplitude of the sIPSCs was significantly reduced after CTX was added into the bath solution (Fig. 3B) . The average amplitude before adding CTX was 56.60 ± 9.26 pA, and was 37.31 ± 6.32 pA after adding CTX (n = 11, Fig. 3D right panel, p < 0.05, paired t-test). A summary of the sEPSC and sIPSC results in the dark-and light-adapted retina before and after CTX are presented in Table 1 .
The effects of blockage of BK Ca channels on light-evoked EPSCs and IPSCs of RGCs
To further elucidate the functions of BK Ca channels in visual signal processing under different ambient light conditions, lightevoked responses were obtained from ganglion cells by delivering spots of light onto retina under dark and light adaptation. The light-evoked excitatory postsynaptic currents (light-evoked EPSCs) were recorded with voltage-clamp mode at the holding potential of À60 mV. Fig. 4A shows the recordings from two RGCs under dark adaptation. The light-evoked On-EPSC amplitudes of the two cells were increased when CTX was added in the bath solution. The average amplitude of the light-evoked On-EPSCs significantly increased from À50.98 ± 15.38 pA in the control condition to À104.16 ± 29 pA after application of CTX (n = 8, Fig. 4C left panel, p < 0.05, paired t-test). However, CTX application did not significantly change the light-evoked Off-EPSCs. On average, the amplitude of the light-evoked Off-EPSCs in the control condition was À152.92 ± 36.75 pA and À101.65 ± 27.76 pA after application of CTX under dark adaptation (n = 11, Fig. 4C right panel, p > 0.05, paired t-test).
In contrast to dark adaptation, CTX significantly decreased the light-evoked On-EPSCs of ganglion cells under light adaptation (Fig. 4B) . The average amplitudes of the light-evoked On-EPSCs before and after CTX application was À161.05 ± 53.12 pA and À106.3 ± 38.37 pA, respectively (n = 10, Fig. 4D left panel, p < 0.05, paired t-test). However, there is not a significant change in the average amplitude of the light-evoked Off-EPSCs. It was À228.54 ± 98.51 pA in the control condition and À119.88 ± 53.37 pA after application of CTX (n = 7, Fig. 4D right panel, p > 0.05, paired t-test).
Light-evoked inhibitory postsynaptic currents (light-evoked IPSCs) were also recorded from RGCs by delivering spots of light onto retina under dark and light adaptation ( 
-test).
Under light adaptation, bath application of CTX significantly decreased the amplitudes of both light-evoked On-IPSCs (Fig. 5B top  panel) and light-evoked Off-IPSCs (Fig. 5B lower panel) . The average amplitude of light evoked On-IPSCs was 84.5 ± 16.59 pA in the control and 36.79 ± 9.94 pA after application of CTX (n = 8 Fig. 5D left panel, p < 0.05, paired t-test) . The average amplitude of light-evoked Off-IPSCs before and after CTX application was 116.39 ± 33.72 pA and 41.41 ± 11.47 pA (n = 10), respectively ( Fig. 5D right panel, p < 0.05, paired t-test) .
The effects of blockage of BK Ca channels on light-evoked On and Off responses of RGCs
Current-clamp recordings were made from RGCs to study how blockage of BK Ca channel affects light-evoked On and Off responses under dark and light adaptation. A total of 31 cells were recorded. Recordings from three cells under dark and light adaptation are shown in Fig. 6A -C, respectively. We found that CTX dramatically altered the outputs of retinal ganglion cells by changing their light-evoked responses into a bursting pattern and increasing the light-evoked depolarization of the membrane potentials (see Fig. 6A-C) . The increased bursting pattern was seen after CTX was applied during illumination of the spot of light for 12 of 14 (86%) cells under dark adaptation and seven of nine (78%) cells under light adaptation. However, the increased bursting pattern was not seen for the Off responses under dark or light adaptation after CTX. CTX significantly increased the depolarization of the membrane potentials of On responses under both dark and light adaptation (Fig. 6E left panel) , yet it only significantly increased the depolarization of the membrane potentials of Off responses under dark adaptation (Fig. 6E right panel) . The depolarization of the membrane potential was measured for each On or Off response between the baseline and the highest level of the depolarization on which the action potentials were superimposed. The average depolarization of the membrane potential of On responses under dark adaptation before and after application of CTX was 7.82 ± 0.86 mV and 12.7 ± 1.35 mV (n = 14), respectively; under light adaptation, it was 8.84 ± 1.57 mV before CTX and 12.99 ± 2.14 mV after CTX (n = 9). For the Off responses, under dark adaptation before and after application it was 10.05 ± 1.2 mV and 15.12 ± 1.54 mV (n = 13), respectively; under light adaptation, it was 10.59 ± 2.14 mV before CTX and 12.08 ± 2.17 mV after CTX (n = 6). Similar results for the bursting patterns and depolarization of the membrane potential were also found when Iberiotoxin was applied in current-clamp mode, as seen in Fig. 6B . The depolarization results were verified by using QX-314 in the current-clamp electrode solution, as seen in Fig. 6D .
Our results showed that bath application of CTX had variable effects on the light-evoked averaged peak firing rates of RGCs. However, it did not significantly change the peak firing rates of On responses or Off responses under dark or light adaptation (Fig. 6F) . Under dark adaptation, the average peak firing rate of On responses before and after CTX application was 166.44 ± 42.92 and 165.05 ± 43.34 Hz (n = 9), respectively; for Off responses it was 150.24 ± 17.71 Hz before CTX and 124.57 ± 26.99 Hz after CTX (n = 10), respectively ( Fig. 6F left panel) . Under light adaptation, before and after CTX application it was 96.21 ± 17.8 Hz and 118.02 ± 22.21 Hz (n = 6) for On responses, respectively; it was 145.06 ± 30.71 Hz before CTX and 127.89 ± 25.57 Hz after CTX (n = 5) for Off responses (Fig. 6F right panel) . A summary of the light-evoked current-clamp and voltage-clamp results in the dark-and light-adapted retina before and after CTX are presented in Table 2 .
Discussion
The results of the present study demonstrate that blocking BK Ca channels differentially affects retinal output activity depending on the ambient light conditions. Under dark adaptation, blockage of BK Ca channels increases the sEPSCs and light-evoked On-EPSCs, while it decreases the light-evoked Off-IPSCs in RGCs. However, under light adaptation it decreases the light-evoked On-EPSCs, the sIPSCs as well as the light-evoked On-and Off-IPSCs. Blocking BK Ca channels dramatically altered the outputs of retinal ganglion cells by changing their light-evoked responses into a bursting pattern and increasing the light-evoked depolarization of the membrane potentials, while it did not significantly change the peak firing rates of On responses or Off responses. These findings provide the first direct evidence that BK Ca channels are capable of shaping the visual responses of individual ganglion cells, thereby affecting the transfer of information from the retina to higher levels of the visual system.
Blockage of BK Ca channels affects spontaneous synaptic inputs to RGCs
We found that blocking BK Ca channels increased sEPSCs under dark adaptation, while it had little effects on sEPSCs under light adaptation (Fig. 2) . These results suggest that one function of BK Ca channels under dark adaptation is to inhibit sEPSCs. The underlying mechanism for the increase of sEPSCs from BK Ca channel blockage under dark adaptation may be the blockage of BK Ca channels reducing the rod glutamate release to rod bipolar cells (Xu & Slaughter, 2005) . Under dark, rods release glutamate, and glutamate binds on mGluR6 receptors on rod bipolar cells, thereby hyperpolarizes rod bipolar cells, and as a consequence rod bipolar cells stop releasing glutamate to AII amacrine cells (Sharpe & Stockman, 1999) . It has been reported that blocking BK Ca channels inhibits rod glutamate release onto bipolar cells in salamander retina (Xu & Slaughter, 2005) . Thus, under dark adaptation with BK Ca channels blocked, rod bipolar cells will be depolarized due to reduced rod glutamate release. The depolarized rod bipolar cells will exert downstream effects onto RGCs, thereby enhancing the sEPSCs of RGCs. In line with the above notion, CTX did not change sEPSCs under light adaptation, since mammalian cones do not express BK Ca (Yagi & Macleish, 1994) .
The effects of blockage of BK Ca channels on light-evoked EPSCs and IPSCs of RGCs
Blockage of BK Ca channels had differential effects on lightevoked On-EPSCs of RGCs under dark and light adaptation. It increased the light-evoked On-EPSC amplitudes under dark adaptation, yet it decreased those under light adaptation (Fig. 4) . Under dark adaptation BK Ca channels may prevent the over-excitation of RGCs in response to On signals by providing a 'safety brake' as discussed by Xu and Slaughter (2005) . However, under light adaptation it enhances the On signals, through post photoreceptor mechanisms, because BK channels were not found in cones (Yagi & Macleish, 1994) .
The blockage of BK Ca channels on rods and subsequent reduction in glutamate release may cause the CTX-mediated effect of increasing light-evoked On-EPSC amplitudes under dark adaptation. Since blocking BK Ca channels inhibits rod glutamate release onto bipolar cells, as discussed above, blocking BK Ca channels will result in depolarization of rod bipolar cells. In other words, rod bipolar cells will be under tonic excitation. One might speculate that this would mimic background light, putting the retina in a false light-adapted state thereby causing a light stimulus to elicit a smaller response. However, our results indicate that blocking BK Ca channels enhances the On-EPSC. A possible reason for this is that the tonic excitation of rod bipolar cells causes light to further depolarize the rod bipolar cells beyond levels found under normal conditions, which causes increases in the light-evoked On-EPSCs.
In contrast, we found the light-evoked On-EPSCs of RGCs were reduced under light adaptation. Since mammalian cones do not express BK Ca channels (Yagi & Macleish, 1994) , blocking BK Ca channels will not affect cone functioning. Our findings, that CTX reduced the light-evoked On-EPSCs but not Off-EPSCs for On-Off cells under light adaptation, rule out the possibility that the effects of CTX directly on the intrinsic membrane properties of the RGCs underlie the differential effects of CTX on On-EPSCS and Off-EPSCs in On-Off cells. These findings further indicate that CTX affects the other locations along the circuit to cause the differential effects. Llobet and colleagues found that in goldfish bipolar cells the sites of exocytosis and endocytosis colocalized with clusters of Ca channels and K Ca (calcium-activated potassium channels). They reported that the initial rate of exocytosis was correlated with the activation of K Ca channels, and exocytosis did not occur in 41% of patches lacking this conductance (Llobet et al., 2003) . Taken together with the above discussion, the blockage of BK Ca channels on On cone bipolar cells inhibits the exocytosis of glutamate onto RGCs, and causes the reduction of light-evoked On-EPSCs under light adaptation.
GABAergic and glycinergic inputs from amacrine cells constitute the inhibitory synaptic inputs of retinal ganglion cells (Flores-Herr, Protti, & Wassle, 2001; Majumdar, Heinze, Haverkamp, Ivanova, & Wassle, 2007; O'Brien et al., 2003; Pang et al., 2003) . We found that blockage of BK Ca channels decreased the lightevoked On-and Off-IPSCs under light adaptation, while it only decreased the light-evoked Off-IPSCs under dark adaptation (Fig. 5) . We also found that blockage of BK Ca channels inhibits sIPSCs under light adaptation (Fig. 3) , indicating BK Ca channels facilitate sIPSCs. The mechanisms underlying the CTX-induced reduction in IPSCs are not known. CTX may affect the GABA or glycine release from amacrine cells. In fact, it has been reported that blockage of BK Ca channels dampens the membrane oscillations in GABAergic wide-field amacrine cells; therefore it may result in reducing GABA release from these amacrine cells (Vigh et al., 2003) . This may explain why blocking BK Ca channels decreased the light-evoked IPSCs under dark and light adaptation.
However, the light-evoked On-IPSCs under dark adaptation were not reduced by BK Ca channel blockage. This result is contrary to the finding of BK Ca channel blockage inhibiting amacrine cell synaptic release. We found blocking BK Ca channels enhances the light-evoked On-EPSCs under dark adaptation (Fig. 4) . The result indicates that under dark adaptation with BK Ca channels blocked, the rod bipolar cells and its downstream neurons, the AII amacrine cells, are more activated when the light turns on. Thus, the inhibitory synaptic release from AII amacrine cells is enhanced when the light turns on. The enhancement of the inhibitory synaptic release may counter the inhibition from blocking BK Ca channels on amacrine cells, thereby maintaining the light-evoked On-IPSCs under dark adaptation.
The effects of blockage of BK Ca channels on light-evoked On and Off responses of RGCs
RGCs are the only output neurons of retina. The output signals of RGCs consist of varied electrical activities, including: visual response patterns (transient, sustained, or bursting), depolarization of membrane potentials, and trains of action potentials that are superimposed on the membrane depolarization. We found that blocking BK Ca channels changed the output signals by changing their light-evoked responses into a bursting pattern and increasing the light-evoked depolarization of their membrane potentials, while not significantly changing the peak firing rates of On and Off responses.
The bursting pattern caused by CTX in the current study is in line with our previous finding that CTX caused a bursting pattern of spontaneous activity in RGCs (Wang, Olshausen, & Chalupa, 1999 ). In the current study, we found CTX did not significantly change the firing rates of light-evoked responses of RGCs. This finding is a little surprising, because we previously found that CTX changed the firing rates of RGCs in response to injected currents (Wang et al., 1998) . Since the current-evoked responses reflect the intrinsic membrane properties of the RGCs, those results indicated that CTX directly affected the RGCs. However, the lightevoked responses reflect the integrated functions of retinal circuits. Therefore, the result that CTX did not change the firing rates of light-evoked responses suggests that CTX has multiple action sites within retinal circuits that may partially compensate for its direct effect on RGCs. Nevertheless, the findings here indicate that BK Ca channels modulate the outputs of RGCs under dark and light adaptation by adjusting the depolarization of the membrane potentials and the response patterns.
According to the effects of BK Ca channel blockage on lightevoked EPSCs and IPSCs (Figs. 4 and 5) , the increased light-evoked On-EPSCs may underlie the increment of depolarization of the membrane potentials in On responses under dark adaptation, while the decreased light-evoked On-IPSCs may mediate the increment of depolarization of the membrane potentials of On responses under light adaptation and Off responses under dark adaptation. In addition, the effects of blocking BK Ca channels on the intrinsic membrane properties of RGCs may also contribute to the increased depolarization of the membrane potentials of On and Off responses, since BK Ca channels have been identified in RGCs (Rothe et al., 1999; Wang et al., 1998) .
Collectively, the results in the present study provide the first evidence that BK Ca channels are involved in shaping the final output visual signals of mouse retina differentially under dark and 
